In this paper we analyze the resistive transition as a function of both the temperature and the dc applied magnetic field. We use the two models: first, based on the Ambegaokar and Halperin theory that describes the resistive transitions by the modified Bessel function and second, based on the Anderson and Kim theory represented by the exponential formula. The fits of the models to experimental results show that the freezing into superconducting vortex-glass phase takes place at the same temperature that does not practically depend on the applied magnetic field. 
Introduction
The resistive transition from a normal to the superconducting state of high temperature superconductors (HTS) is always significantly broadened as compared to the low temperature superconductors, especially, when the applied magnetic field and/or the flowing current is present. The field-broadened resistive transition may be described by the following equation [1, 2] :
where the width of the resistive transition was usually defined by the formula: ∆T = T 90% − T 10% . The value of m should be 2/3, but was found to depend on some properties of a superconductor. ∆T 0 is the width of the resistive transition at zero applied magnetic field and the coefficient C depends on the critical current at zero magnetic field and on the critical temperature.
The measurements of the width and the shape of the resistance transition of the HTS give insight into the flux pinning properties. From these measurements one can extract such parameters of the vortex dynamics as activation energy and frequency of flux creep [3] . Koch et al. showed [4] that in epitaxial films there is a second-order phase transition between a normal and a superconducting state at a well defined temperature T g called the freezing temperature into the superconducting vortex-glass state.
In this paper we fitted the resistive transition as a function of both the temperature and the applied magnetic field of a (Tl 0.6 Pb 0.24 Bi 0.16 )(Ba 0.1 Sr 0.9 ) 2 Ca 2 Cu 3 O y superconducting film on single-crystalline lanthanum aluminate substrate, using the two models: first, based on the Ambegaokar and Halperin theory [3, 5] that describes the resistive transitions by the modified Bessel function * corresponding author; e-mail: wmwoch@agh.edu.pl and second, based on Anderson and Kim theory [6] [7] [8] and its extensions for the critical state represented by an exponential formula.
Models
According to Ambegaokar and Halperin [3, 5] , in the limit of small currents the resistance of each weak link treated as a Josephson junction is reduced by the ratio
where P 0 is the modified Bessel function given by the following formula:
Thermally activated processes depend exponentially on normalized energy barrier height U 0 /k B T defined by:
where C * is a constant, J c0 (0) is the critical current density at T = 0 and H = 0 evaluated along the crystal direction of the field in the resistance measurement and t = T /T c . The function [1] :
includes the temperature dependences of H c and λ in the "two-fluid" empirical approximation. In the region from t = 1 down to t = 1/2 formula (3) can be rewritten as
where A = 4C * J c0 /T c . Combining formulae (2) and (4) one can write According to Anderson and Kim theory [6] [7] [8] the dissipation due to flux motion in the mixed state of an epitaxial superconducting film can be well described by the thermal activation of the form [7] :
(6) The activation energy barrier U has a functional dependence on temperature T , magnetic field H and transport current I as
where A * is a constant depending weakly on applied magnetic field, β is a constant with value close to 1, I 0 is the threshold current and g * (T ) is the temperature function given in the following relation: (6), (7) and (8) we can recast the dissipation due to thermally activated flux creep with field, current, and temperature as follows:
where we introduced parameter p instead of 1/2. For initial fitting some starting values of the parameters may be estimated. We observed that the flowing current up to 5 mA did not broaden the resistive transition and we took it as I 0 . The optimal current used in these measurements is 1 mA. Therefore, we put I/I 0 = 0.2 into Eq. (9). The parameter β should be close to unity so we put β = 0.88. The onset resistance R 0 was taken from experiment. The exponent p consists of the temperature dependences of critical field H c and the coherence length ξ, e.g. as follows:
. That is why an analytical temperature dependence of g * (t) is hardly known so that parameter p shall be variable rather than constant and equal to 1/2. It was impossible to get good fittings with p = 1/2. We carried out the several fitting for different p and we selected p = 1.8 for H a-b plane and p = 2.1 for H c axis. Then we allow two parameters A * and T c to be varied in order to obtain the best fit. We will interpret our data in terms of Eq. (5) and Eq. (9).
Results and discussion
These two models mentioned above were used to fit the measurements of the resistance as a function of the temperature for different dc magnetic fields for the c-axis oriented, a-b plane aligned (Tl 0.6 Pb 0.24 Bi 0.16 )(Ba 0.1 Sr 0.9 ) 2 Ca 2 Cu 3 O y film on (100) single-crystalline lanthanum aluminate substrate. The film was prepared using screen printing method and the details of preparation and structural analysis are described in the papers [2, 9] . The X-ray diffraction showed the high purity of the sample and tetragonal structure. The optical micrograph in polarized light displayed that practically all the crystallites are aligned with the c-axis perpendicular to the surface of the substrate. The microstructure of the surface was also taken from the scanning electron micrograph. The temperature dependences of resistance R(T ) are shown in Figs. 1 and
There is no apparent resistance maximum below T c due to superconducting weak link because of the very good a-b plane alignment of the crystallites. The critical current densities are: J c0 = 464 ± 14 kA/cm 2 for H a-b and J c0 = 460 ± 5 kA/cm 2 for H c [2] . Tables III and IV, respectively. These fittings are quite good except the data close to T c0 . The fits using Eq. (9) describe the measurements of the resistance a bit better than the fits using Eq. (5). The reason is most likely because the Anderson and Kim theory includes the current dependence of activation en- ergy. In addition it describes the experimental data for epitaxial and single crystal samples in which the flowing current can be closer to its critical value than in the bulk ones. One can notice that the values of critical temperatures T c are almost the same and they are very close to the onset temperature T onset c = 115.2 K that is the same for all measured transitions. This temperatures can be stated as a freezing temperature T g into superconducting vortex-glass phase [4] . This temperatures do not practically depend on the applied magnetic field. The fitting procedures show that the parameters A as well as A * strongly depend on the applied magnetic fields.
In order to get some information about the critical region within the superconducting transition around T c we calculated the critical exponents of the conductivity according to the papers [10] [11] [12] [13] :
and R 0 is the onset resistance where linear dependence starts to develop above T c . To determine the critical exponents we plotted the temperature dependence of the following expression:
The critical exponent is a reversal slope of the dependence within a linear region of the temperature. This dependence is shown in Fig. 3 . In HTS, mainly due to the very short coherence length, the short-lived Cooper pairs fluctuate in rather broad temperature region around T c . In contrast in conventional low temperature superconductors there are no fluctuations in accord to the BCS theory. A number of experimental results were analyzed taking into account the fully stochastic Gaussian fluctuations with the exponent λ = 2 − d/2, where d = 1, 2 and 3 is the dimension of the fluctuating system [12, 13] . Also in our previous pa- per [14] , on the shape of specific heat anomaly around T c in DyBa 2 Cu 3 O x , we found the huge effect of the Gaussian fluctuations within a few Kelvin temperature interval around T c . Since some years also the true critical fluctuations were observed in some HTS very close to T c [12, 13] , with the critical exponent λ = ν(2 + z + d + η) ≈ 1/3 or smaller, where ν = 2/3, z ≈ 3/2 and η ≈ 0 [15] . If λ = 1/3, then it means that we are dealing with true critical fluctuations which are characteristic for 3-dimensional plane XY system, called the 3D-XY model.
In the present paper, in zero applied field, we found λ = 0.36 ± 0.05 in the closest region above T c from about 112 K to 113.5 K and even much smaller above this region (cf. Fig. 3 ). Further above this region our phenomenological analysis of the resistance transition according to Eqs. (5) and (9) breaks down. Thus, the analysis of the superconducting thin film is rather confined to the temperature interval where the true critical fluctuations over the Gaussian fluctuations play a dominant role. We leave for future examination the exact analysis of our experimental data on the magnetic field dependent fluctuations.
Conclusions
The resistive transitions to the superconducting state of the c-axis oriented, a-b aligned (Tl 0.6 Pb 0.24 Bi 0.16 )(Ba 0.1 Sr 0.9 ) 2 Ca 2 Cu 3 O y film on (100) single-crystalline lanthanum aluminate substrate were fitted using the Ambegaokar and Halperin as well as the Anderson and Kim theories. The fits using Eq. (9) describe the measurements of the resistance a bit better than the fits using Eq. (5). The reason is most likely because the Anderson and Kim theory includes the current dependence of activation energy. The calculated critical temperatures are very close to the onset temperature T onset c = 115.2 K and can be stated as a freezing temperature T g into superconducting vortex-glass state. The fitting procedures show that the parameters A as well as A * strongly depend on the applied magnetic fields.
The critical exponent in the closest to T c temperature interval was determined to be λ = 0.36 ± 0.05. This means that the analysis of the resistance transition according to Eqs. (5) and (9) of the superconducting thin film is confined to the temperature interval where the true critical fluctuations but not the Gaussian fluctuations play a dominant role according to the 3-dimensional-XY plane model of the fluctuations.
